Whether the integrity of normal-appearing white matter (NAWM) is preserved in neuromyelitis optica spectrum disorders (NMOSD) is open to debate. To examine whether the tissue integrity of NAWM in NMOSD is compromised compared to that in healthy controls and patients with multiple sclerosis (MS), we prospectively enrolled 14 patients with NMOSD, 12 patients with MS, and 10 controls for clinical functional assessments and quantitative imaging, including T1 relaxation time (T1) and magnetization transfer ratio (MTR) at 7 Tesla. Cognitive performance on the Paced Auditory Serial Addition Test with a 3-second interstimulus interval (PASAT-3) was significantly lower in the NMOSD compared to the MS group (mean number of correct answers, 34.1 vs. 47.6; p = 0.006), but there were no differences in disease duration or disability. Histograms of T1 and MTR maps of NAWM demonstrated a decreased peak height in patients with NMOSD compared to the healthy controls, but not compared to patients with MS. Using 7T quantitative magnetic resonance imaging (MRI), this study showed that the NAWM in patients with NMOSD is abnormal, with reduced myelin signal; this was not previously observed using MRI at a lower field strength.
Clinical assessments. Clinical characteristics and functional assessment results are summarized in Tables 1   and 2 , respectively. There were no significant differences in disease duration, Expanded Disability Status Scale (EDSS) score, self-administered Fatigue Severity Scale (FSS) score, quantitative functional test results of leg function/ambulation (Timed 25-Foot Walk), or arm function (9-Hole Peg Test) between the patients with MS and NMOSD. However, cognitive function (Paced Auditory Serial Addition Test with a 3-second interstimulus interval, PASAT-3) was significantly lower in the patients with NMOSD than in MS patients (mean number of correct responses, 34.1 vs. 47.6, respectively; p = 0.006). The Multiple Sclerosis Functional Composite (MSFC) scores derived by summing the three aforementioned components were similar between the NMOSD and MS patients. The scores were significantly worse in NMOSD and MS patients than in controls except for cognitive function (PASAT-3), which was similar between the patients with MS and controls. In healthy controls, age was only negatively correlated with hand function score (rho = −0.665, p = 0.036).
MRI.
Lesions. Lesion count and volume, and the quantitative T1 and MTR of the lesions were measured in each subject. The lesion count and volume were significantly higher in patients with MS than in those with NMOSD or healthy controls ( Table 3 ). The lesions were mainly localized in the supratentorial regions of patients with MS, and in the infratentorial regions of patients with NMOSD. A few incidental, small and nonspecific lesions in the supratentorial deep WM were identified in four controls. The lesions in the patients with MS had a significantly higher measured T1 than those in patients with NMOSD or controls. Similarly, MS lesions had the lowest mean lesion MTR value, followed by NMOSD lesions. There was a correlation between mean T1 and mean MTR for the lesions in patients with NMOSD (Spearman's rho = −0.800, p = 0.001) and for those of patients with MS (rho = −0.912, p < 0.001).
In the patients with NMOSD, the mean lesion T1 was negatively correlated with cognition score (rho = −0.592, p = 0.033). In the patients with MS, lesion volume was positively correlated with disease duration, and negatively correlated with hand function score.
NAWM. The T1 and MTR were calculated for the NAWM and histogram metrics were used to asses this, to increase power by comparing the whole region of interest (ROI). The results are shown in Table 4 , and averaged histograms are shown in Fig. 1 . The heights of the peaks of both the T1 and MTR histograms of the NAWM of the NMOSD patients were significantly lower than those in the healthy subjects, but were not different from those of the patients with MS. The peak position was not statistically different among the three groups; however, in the patients with MS, the 25th percentile MTR value was lower than that for the healthy participants. This pattern indicates that there are focal areas of abnormality rather than diffuse abnormality within the voxels. In the patients with MS, T1 histogram metrics were correlated with MSFC score, and MTR histogram metrics were correlated with leg function score using Spearman's rank correlation coefficient (Table 5 ). No such correlations were noted in the patients with NMOSD.
Lesion volume and NAWM. In the patients with NMOSD, both the T1 and MTR histogram metrics of the NAWM were correlated with lesion volume. No such correlation was found in the patients with MS. 
Median EDSS and FSS (IQR)
EDSS 5.25 (4.0-6.0) 6.0 (4.0-6.5) n/a n = 12 n = 12 n = 10 FSS 5.6 (5.3-6.3) A 6.0 (4.9-6.4) A 2. 
Discussion
This study used high-resolution 7T MRI to compare the T1 and MTR of intracranial lesions and NAWM among NMOSD patients, MS patients, and healthy controls. Compared to MS lesions, the NMOSD lesions showed less obvious tissue changes. Regarding the NAWM, NMOSD patients had a lower histogram peak height for both T1 and MTR compared to controls. None of the histogram metrics were significantly different from those of the patients with MS although there was a trend towards the NMOSD measures differing less from those of the controls compared to the MS patients, similar to the trends in changes observed in the lesions. The decreased peak height of NAWM in both the MS and NMOSD patients indicated that at least some of the NAWM in the patients with NMOSD was abnormal, as has been shown in patients with MS. The histogram metrics for the NAWM were correlated with lesion volume in the patients with NMOSD, but not in those with MS. Taken together, our study suggests that the NMOSD lesions had less myelin damage than the MS lesions, and that the NAWM in patients with NMOSD is abnormal, where the abnormal changes were correlated with lesion volume. T1 is an intrinsic biophysical property of tissue, and is primarily determined by water binding to macromolecules, including myelin. In MS, increased T1 of the WM is highly associated with reduced structural integrity, and black holes (the darkest area on T1 weighted images) have the highest T1 13 . An elevated T1 correlates with a loss of myelin, axons 14 and increased free water, which to some extent reflects gliosis by virtue of the increase in water protons 17 . Magnetization transfer (MT) imaging measures proton exchange between free protons and macromolecular bound protons and provides a relatively accurate measurement of the myelin content 12, 18 . Our MS results for the lesions were similar to those observed in previous studies, reflecting decreased myelin content and tissue integrity, which can be due to demyelination or incomplete remyelination 12, 15 .
Our results showed an abnormal mean MTR, but not T1, in the lesions of patients with NMOSD. However the deviation from normal was smaller than in the patients with MS. Our findings reject the first hypothesis. In contrast to previous histopathological findings of focal necrosis in autopsied patients with fulminant NMO 6,7 , the patients with NMOSD in the current study had fewer destructive lesions in the brain overall than those with MS. One possible explanation for this is that our patients with NMOSD benefited from effective treatment such as plasma exchange, immunosuppressants or B cell depletion therapy. Another possibility is lesion heterogeneity, as the standard deviation of lesion T1 and MTR in NMOSD patients, was as wide as that in MS patients, and several types of lesions have been reported in NMOSD 6, 19 . The histopathological hallmark of the active lesions of NMOSD patients with AQP4 antibodies is loss, or decreased staining, of AQP4 protein, and an absence of astrocytes or loss of astrocyte distal processes 19 , thus disrupting the cerebrospinal fluid (CSF)-brain barrier and blood-brain barrier, and leading to necrosis 6, 20 . Nevertheless, the early active lesions in NMOSD patients showed relative preservation of myelin compared to those of MS patients 19 . However, these changes may not contribute sufficient water to account for the observed changes measured by T1, because other alterations, such as infiltration of eosinophils or granulocytes, have also been observed 6 . Furthermore, the patients with MS in this study had a relatively longer disease course than those with NMOSD; as such, tissue destruction of chronic lesions may be more obvious in MS. Overall, our results seem to be compatible with the known pathological characteristics of primary astrocytopathy occurring in NMOSD, and primary demyelination occurring in MS 21 .
In this study, histogram metrics were used to assess the NAWM to provide maximum power to detect changes. The histogram metrics were statistically indistinguishable between the NMOSD and MS patients, rejecting the second hypothesis. Regarding the T1 histogram of patients with PPMS, the peak height decreased and the peak position increased; therefore, the histogram metrics shifted rightwards over 2 years 22 . If myelin was reduced in the NAWM, the histogram metrics would shift leftwards, such that the peak height and peak position would both decrease. Previous studies have shown that abnormalities in MS NAWM are subtype-dependent 23 www.nature.com/scientificreports www.nature.com/scientificreports/ changes in both the peak position and height of NAWM histograms, whereas RRMS and PPMS show decreased height only [23] [24] [25] . Since our study included more patients with RRMS and PPMS, a change in NAWM peak location was not observed. However, our patients with MS showed a decrease in the peak height of both the T1 and MTR NAWM histograms, suggesting a decreased proportion of normal WM. The results also revealed a decreased proportion of normal WM in patients with NMOSD compared to controls.
The results of the current study are in line with previous DTI studies of changes in the microstructural diffusivity of WM tracts in optic tracts, medulla oblongata, and corticospinal tracts 8, 10, 11 , and provide further evidence of reduced myelin content in the NAWM of NMOSD patients, based on myelin content-specific MT imaging. DTI, a tool for investigating the microstructural diffusivity of WM tracts, revealed abnormalities in optic tracts, the corpus callosum, the medulla oblongata, and corticospinal tracts in NMOSD patients 8, 10, [26] [27] [28] . DTI at 3T showed greater diffusivity changes in the NAWM of 93 patients with NMOSD compared to 43 healthy controls, and the extent of DTI-detectable NAWM changes was less than that in 53 patients with MS 11 . Measuring changes in the diffusion of water in directional structures, such as nerve bundles, in the brain provides insights into the structural integrity, in terms of myelin and axonal content, of MS patients 29, 30 . However, NAWM axons in patients with NMOSD seemed not to be affected, as measured by MR spectroscopy at 1.5T or 3T field strength 16, 31, 32 . Using MTR quantitative imaging at 1.5T field strength to evaluate the NAWM of NMO patients, two earlier (a) T1 relaxation time (T1): the average peak height in the T1 histogram of the NAWM of NMOSD patients was significantly lower than that in healthy subjects and did not differ from that in MS patients, reflected in the greater width of the NMOSD and MS histograms. The peak position was not statistically different among the three groups. (b) Magnetization transfer ratio (MTR): The average peak height in the MTR histogram of the NAWM of NMOSD patients was significantly lower than that in healthy subjects and did not differ from that in MS patients, reflected in the relative widths of these frequency histograms. The peak position was not statistically different among the three groups, but in MS patients, the 25 th percentile value for MTR was lower than in healthy participants. studies did not find altered MTR parameters 8, 33 . However, using 7T MRI, we found evidence of changes in myelin in the NAWM of patients with NMOSD.
The abnormal findings in the NAWM of the patients with NMOSD noted in this study appear to be robust, because they were shown by two different MRI techniques based on different physical principles. MTR at 1.5T failed to distinguish the NAWM between NMOSD and controls, in terms of either mean values or peak heights 8, 33 . However, using 7T MRI, we found evidence of abnormal myelin and water content in NAWM, and this change was correlated with lesion volume mainly localized in the infratentorium. We assume that we were able to detect MTR changes because of the ultra-high field strength. It is possible that the difference in spatial resolution between our study and those using lower field strengths made it easier to observe smaller changes in NAWM herein. This could be verified by repeating the 7T scanning at the spatial resolution used in previous lower field strength studies. Histopathological studies to clarify the current findings pertaining to the NAWM are also warranted. Nevertheless, the current study did not find an association between cognition and MRI parameters. This may be attributed to the small number of patients and the mixture of NMOSD subtypes.
Several limitations of the current study deserve discussion. First, the number of patients included was small. We intentionally included different MS subtypes, based on prior knowledge of the likelihood of NAWM abnormalities, to match for disability levels. However, the mixture of phenotypes may have introduced bias, including in the cognition measures. Second, lesion detection was performed using MT sat (MTR based on proton-and T2*-weighted imaging with presaturation to water) images, which might not be as accurate as 3T fluid-attenuated inversion recovery (FLAIR) images. However, we previously showed that 7T-MT sat sequences detected most of www.nature.com/scientificreports www.nature.com/scientificreports/ the WM lesions identified by 3T-FLAIR sequences, and missed only approximately 1.5% of small lesions 34 ; hence, patients do not need to undergo both 7T and 3T scans on the same day. Third, the temporal lobes were not all included because the signal loss caused by inhomogeneity in the applied transmit radiofrequency (RF) field at high field strength was more pronounced in these regions.
Furthermore, the NAWM map included supratentorial, basal ganglia and infratentorial regions, where pathology of the basal ganglia and infratentorial brain might be different from that of supratentorial areas; further studies are needed to clarify this. Nevertheless, the current study was strengthened by the piloting of two quantitative methods based on 7T MRI, used to compare two groups of patients matched for demographic characteristics and level of disability.
conclusions
Our analysis of T1 and MTR values suggested that the lesions in the NMOSD patients had decreased myelin signal, but the changes therein were less pronounced compared to those in the patients with MS, in turn suggesting that they were less myelin-destructive. 7T MRI demonstrated a decreased peak height of NAWM histograms in NMOSD patients compared to controls. However, the histogram metrics were statistically indistinguishable from those in the patients with MS, suggesting that at least part of the NAWM in the patients with NMOSD was indeed abnormal, with reduced myelin, which had not been previously observed using MRI at a lower field strength.
Methods
This study was approved by our local Research Ethics Committee (REC), and by the relevant National Health Service (NHS) Research & Development (R&D) department (REC reference: 13/EM/0080). The research was performed in accordance with relevant guidelines and regulations. Informed consent was obtained from all participants.
Patients. Consecutive patients with NMOSD referred to the Neuroimmunology Clinic of University Hospital
Nottingham, between July 2013 and November 2014, were enrolled at the Sir Peter Mansfield Imaging Centre (SPMIC) at the University of Nottingham. Patients were eligible if (1) they had a diagnosis of NMOSD 4 or MS 35 as assessed by specialists, and (2) they were clinically stable, fully conscious and orientated. Age-and sex-matched patients with MS were recruited simultaneously. We used posters to recruit healthy volunteers, who were interviewed by a neurologist. The exclusion criteria included claustrophobia, metal objects or devices implanted in the body, and pregnancy. The patients were assessed using the EDSS, MSFC, and FSS. Healthy volunteers were only assessed with the MSFC and FSS.
MRI image acquisition. All participants underwent MRI scanning using a 7T Philips Achieva (Philips
Medical Systems, Best, The Netherlands) with whole-body gradients. The scanner was equipped with a 32-channel head-only parallel imaging sensitivity encoding (SENSE) receiver coil and a head-only volume quadrature RF coil (Nova Medical, Inc., Wilmington, MA, USA). The parameters of the MRI sequences are detailed in Supplementary  Table 2 , and the techniques used have been detailed previously [36] [37] [38] [39] . Briefly, whole brain three-dimensional (3D) phase-sensitive inversion recovery (PSIR) images (spatial resolution = 0.6 × 0.6 × 0.6 mm 3 ) were acquired and segmented to obtain a WM mask 39 . Then, 3D magnetization-prepared rapid gradient echo (MPRAGE) sequences with seven inversion times were acquired (spatial resolution = 1.25 × 1.25 × 1.25 mm 3 ) and processed to produce quantitative measurements of T1 38 . In addition, MT images were acquired for quantitative measurement of MTRs derived from two raw images: MT nosat (proton-and T2*-weighted imaging with no presaturation), and MT sat (presaturation to water) (spatial resolution = 0.6 × 0.6 × 0.6 mm 3 ) 36, 37 . MT sat imaging was also used to identify lesions. The scanning protocol included a B1 map to correct the MT images for the effects of B1 inhomogeneity.
Post-processing. Firstly, we obtained a lesion mask for each subject. Lesions were visually identified and outlined on MT sat using a semi-automated seed-growing technique, implemented in the in-house NeuRoi software (http://www.nottingham.ac.uk/scs/divisions/clinicalneurology/software/neuroi.aspx). The lesions were identified in all image slices, which covered the supratentorium, midbrain, rostral pons, and part of the cerebellum. The total volume of these lesions was then calculated, and a binary lesion mask was generated using NeuRoi.
Secondly, we obtained the NAWM mask. Initially, a WM probability map was segmented from PSIR images using an automatic segmentation process, implemented in Statistical Parametric Mapping software (SPM8; http:// www.fil.ion.ucl.ac.uk/spm/), with a threshold value of 0.95 to generate a binary WM mask. Next, a lesion-free WM mask was generated by applying the lesion masks. Subsequently, the lesion-free WM mask was eroded by three voxels to exclude any partial volume effects at the grey matter-WM junctions, lesion-WM or CSF-WM borders to generate the NAWM mask 38 .
Thirdly, T1 and B1-corrected MTR maps were generated based on the raw images for each subject on a pixel-by-pixel basis. The T1 map was generated using formula (1) 40, 41 :
The MTR map was generated using formula (2):
nosat s at nosat Finally, the T1 and B1-corrected MTR maps were combined with the lesion and NAWM masks, to yield lesion and NAWM maps for each subject (Fig. 2 ). All voxels of NAWM with an MTR of less than 10% were excluded from the analysis to effects of image noise and CSF signals 42 . All of the acquired images for a given subject were registered to the same space using FLIRT in FSL (available at www.fmrib.ox.ac.uk/fsl).
We compared lesion properties based on the mean values of the lesion maps. To detect subtle changes in NAWM, histogram metrics of the NAWM maps derived from each subject were normalized to the total voxel count to eliminate any effect of differences in NAWM volume among subjects. The bin size for NAWM is 1 ms for T1 and 0.1% for MTR. Five histogram parameters were extracted: the height and position of the histogram peak and the 25th, 50th and 75th percentile values.
Power calculation. We assumed that the peak height and position of the NAWM histogram of NMOSD patients were significantly different from those of healthy controls, because DTI imaging at 3T revealed diffusivity changes along optic and cortico-spinal tracts 10, 11 . Because no quantitative T1 or MTR data of NAWM at 7T in NMOSD patients are available, we performed a pre-protocol power calculation based on data derived from a previous MS study 38 . We calculated the T1 of WM and peak heights for 9 patients with RRMS and 11 healthy controls. We predicted that the difference in NAWM histograms between patients with NMOSD and controls would be 40% of that between MS patients and controls. To determine the actual difference using a 2-tailed t-test, 10 subjects per group were required for 85% power at a significance level of 0.05, with a medium effect size.
An anticipated difficulty for 7T MRI studies of NMOSD patients is recruitment of a sufficient number of patients to obtain acceptable quality images for analysis. Some patients were too severely disabled (e.g. bed-ridden, limb spasticity) or lived a long distance from the 7T suite at the University of Nottingham. We estimated the number of MS and NMOSD patients in England using the Clinical Practice Research Datalink (CPRD), which is a database focused on primary care in the UK, and linked to secondary care in England. The estimates showed that NMOSD is very rare in England, with a prevalence rate in 2012 of 3.7 per 100,000 people (Chou et al., unpublished) . The prevalence of MS is 70 times higher than that of NMOSD. Hence, the recruitment target for each group was 10 subjects.
Statistical analysis.
Comparisons of subgroups were performed using Fisher's exact test for categorical data, the Mann-Whitney U test for ordinal (clinical rating scale) data, and ANOVA for continuous data. Multiple comparisons were conducted using the least significant difference (LSD) test, to identify which groups were different when ANOVA showed statistical differences among groups. Statistical significance was established with a cut-off level of 0.1. To assess correlations between clinical parameters and MRI-derived parameters ( Table 5) , Spearman's rank correlation coefficient (rho) was used. All statistical tests were two-tailed, and all calculations were performed using SAS software (version 9.4; SAS Institute, Cary, NC, USA); correlation coefficients were calculated using the SPSS software package (version 22; IBM Corp, Armonk, NY, USA).
